Abstract-The electmoptic (EO) modulation of 1.32 pm laser light is measured in Mach-Zehnder channel waveguides fabricated with diazo-dye-substituted polymers with coplanarwaveguide (CPW) or microstrip (MS) electrodes. Two types of channel waveguide fabricated by photobleaching or O2 reactiveion etching (-) exhibit the same EO coefficients r33 under the same poling condition. However, the photobleached waveguides show a lower half-wave voltage than the RE-fabricated ones because of both the optical power concentration in a core layer and the existence of an EO active cladding layer. These tendencies are well explained by considering "effective" overlap integrals between the optical and electric fields, including the distribution of EO-active regions. The maximum r33 value (26 pm/V) of the poled diazo-dye-substituted polymer is obtained with an RE-fabricated MS-modulator.
I. INTRODUCTION
ASER applications often require a means for modulating L the amplitude, phase, frequency, or direction of a light beam at high speed. In order to realize high-speed (GHz order) light wave modulation, it is necessary to rely on optical interactions with electrical fields at the modulation frequency via the electro-optic (EO) effect of matter. Various EO modulators made of inorganic ferroelectric crystals such as KHpPO4 (KDP) and LiNbO3 (LN) have been experimentally demonstrated [I] . Recent long-span soliton transmission studies using an EO modulator have been carried out with Tidiffused LN waveguides [2] , [3] because LN has the largest EO coefficient r33 among inorganic crystals.
In recent years, organic polymeric systems (poled polymers) containing molecular units with large second-order nonlinear susceptibilities have emerged as a promising class of EO materials [4] , [5] . Poled polymer materials can be spin-coated into high-quality thin films and patterned photolithographically. The large nonlinear susceptibilities of the molecular units arise principally from n-electron conjugated systems substituted by electron donor and acceptor groups. The most striking advantage of poled polymers results from their unique EO mechanism. Unlike inorganic ferroelectric crystals, where the EO response is dominated by acoustic and optical phonon contributions, the EO effect in poled polymers arises mainly from the electronic excitations in individual nonlinear molecular units [6] . As a result, the poled polymers exhibit relatively large EO coefficients of 10-20 pmN with little dispersion from dc to optical frequencies and, additionally, low dielectric constants of 3-4. The low dielectric constant of the poled polymers is essential for widebandwidth modulators because it results in a smaller velocity mismatch between the RF and optical waves. EO polymer modulators with bandwidths of 1840 GHz have already been demonstrated by US. researchers [7] - [9] . Furthermore, guided-wave EO modulators made of poled polymer materials have already been reported by many research groups [ 1014 171. With these modulators, the photobleaching method [ 181, [ 191 was successfully employed for channel-waveguide fabrication with EO polymers 171, 181, [lo] , 1121, 1131.
In the present paper, we describe the structural design and fabrication of traveling-wave channel-waveguide modulators using diazo-dye-substituted poled polymers. Furthermore, we demonstrate the EO modulation of 1.32-pm-laser light in the polymer modulators. In our experiments, the polymer channel waveguides were fabricated using photolithography and reactive ion etching (RIE) rather than photobleaching. The R E technique has been developed for fabricating the core ridges of passive polymer [20] and Si02 [21] waveguides with a high degree of accuracy. The RIE process gives a clear corecladding interface, and as a result, this method is effective for controlling both the in-plane and the vertical distance between two waveguides [22] . In the last part of this paper we discuss the merits and demerits of these two fabrication methods for EO polymers.
Finally, we describe the frequency dependence of the modulation of our guided-wave polymer modulators.
LINEAR AND NONLINEAR OPTICAL PROPERTIES OF POLED POLYMERS
The molecular structure of the material we investigated is shown in Fig. 1 . This material is a random copolymer of methyl methacrylate and diazo-dye-substituted methacrylate, and is hereafter abbreviated as 3RDCVXY. The synthesis procedure of 3RDCVXY is described in detail in [23] . The diazo dye contains a dicyanovinyl group as an electron acceptor, and a diethylamino group as an electron donor. This dye contains three benzene rings connected with azo groups, which form a longer n-conjugated system than that of a conventional monoazo dye (DR1; Disperse Red 1) compound. As a result, the pp values (p: second-order molecular hyperpolarizability, p: dipole moment in the ground state) of the diazo dye are greater than those of DR1 dye [24] . The maximum absorption wavelength of 3RDCVXY is 0.505 pm, which is longer than that of DR1 (0.468 pm). This is well explained by the change in the transition energy resulting from the longer n-0018-9197/95%04.00 0 1995 IEEE conjugation. The poling process was performed at 140 OC, which is above the glass-rubber transition temperatures (Tg: 100-120 "C) of the 3RDCVXY film.
The refractive indices at 1.30 pm were accurately measured with a prism coupler (Metricon PC-2100) where the TE-and TM-polarized laser light was coupled into and out of poled 3RDCVXY films spin-coated on Si wafers. The refractiveindex of the poled 3RDCVXY film was 1.5481 at 1.30 pm. In this film the difference between the refractive indices measured with the TE-and TM-polarized light was very small (<0.001).
This means that the refractive indices of the film along the zand 2-(or y-)axes are nearly the same. Here, the z-axis is the direction of the applied electric field under the poling process.
The poled polymers possess a unique axis of symmetry in the direction parallel to the direction of the poling electric field. These polymers belong to the 00 mm point group. The independent elements of tensors ( x (~) : second-order nonlinear optical coefficient) for this group are xg\ and xci = &\, which can be rewritten by using standard contracted indices as
The macroscopic xi:k tensors of the polymers are determined by the competition between the field-induced alignment and the thermal averaging of the microscopic dye units during the poling process. The relationship between the macroscopic xg) values and the microscopic /3( = P z ) values in the poled polymers is given by [25] and xc) = ~1:)).
w , w)CLEp/5kT, (1) where N is the number density of the nonlinear optical dye units, the f terms are local field factors at the indicated frequencies, Ep is the external poling field, and kT is the Boltzmann factor.
The xg) values in the 1.06-1.70 pm wavelength region of the poled 3RDCVXY films were determined from secondharmonic generation (SHG) measurements. The polymer samples spin-coated onto the glass substrates were poled with the corona discharge method [26] . were generated using the differential-frequency generation of the second harmonic (SH) wave at 1.06 pm and a tunable dye laser. The SH intensities from the polymer films were measured as a function of laser incident angles, and values were determined using a single-crystal quartz plate (xi;' = 0.67 pmN) as a reference. Absorption due to the chromophore at SH wavelengths (especially at 0.532 pm) was considered on the basis of a previously reported procedure [27] . The absorption-corrected xg) values of the poled 3RDCVXY film are shown in Fig. 2 as a function of fundamental wavelength.
The solid line is the theoretical fit curve using the PZ =2.8 When the measurement wavelength is 1.3 pm, the product of the second and third terms on the right-hand side of (2) becomes 1.03. Therefore, (2) is simplified at 1.3 pm as follows:
Using the measured xg) value (183 pmN) at 1.3 pm and (3), the 7-33 value of the poled 3RDCVXY film can be estimated to be 64 pmN at 1.3 pm, which is about twice that of LN crystal. Optical losses versus propagation length of straight 3RDCVXY increase due to narrowing the core size may be attributable to the microscopic surface roughness of the RIE-fabricated core walls.
B. Electrode Design
Two types of traveling-wave intensity modulator were designed. One is a modulator with coplanar-waveguide (CPW) electrodes, and the other has microstrip-waveguide (MS) electrodes. Each modulator formed a standard Mach-Zehnder 
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A. Fabrication and Propagation Losses of Polymer Channel Waveguides
Photolithography and reactive ion etching (RIE) have been used for the fabrication of polymer channel waveguides, and polymer EO modulators with Y-branched and straight waveguides. Fig. 3 shows the fabrication process of polymer channel waveguides. First, the under cladding and the core layers were spin-coated on a Si substrate. After the channel waveguide patterns were formed by conventional photolithography, 0 2 RIE was carried out to form the core ridge. This ridge was then covered with a spin-coated cladding layer. 3RDCVXY and UV cured epoxy resin [29] were used for the core and the cladding polymers, respectively. The refractive index of the epoxyacrylate resin can be precisely controlled from 1.530 to 1.550 at 1.3 pm as the single-mode conditions are satisfied.
The propagation losses of straight waveguides with a core size of 5 x 12 pm2 were measured by the cut-back method using a single-mode fiber for the input and a multi-mode fiber for the output. A 1.31 pm-laser diode was used as the light source. The input and output fibers were precisely aligned and butted against the waveguides. The measured (total) losses are plotted in Fig. 4 as a function of the propagation length of the straight waveguides. The propagation loss of the 3RDCVXY waveguide is estimated from the slope in this figure to be 0.67 dB/cm at 1.31 pm. This loss value is comparable to that (-0.5 dB/cm) of the cladding UV polymers.
Furthermore, the propagation losses of the waveguides with a smaller core size of 2 x 4 pm2 were also estimated to be 1.2 dB/cm at 1.31 pm by using the cut-back method. The loss interferometer configuration. Fig. 5 shows schematic views of the modulators. For simplicity they are hereafter referred to as CPW-and MS-modulators. The CPW electrode is located on one side (upper or lower side) of the polymer waveguide, as shown in Fig. 5(b) . Therefore, the CPW-electrode configuration is suitable for future multilevel optical-circuit applications. On the other hand, the MS electrode has been commonly used in (monolevel) single modulators or switches, and phase-modulator arrays. The CPW electrode consists of a small-width center strip and two wide-gap ground electrodes running adjacent and parallel to the strip on the same surface, as shown in Fig. 5(b) . This electrode is used to obtain efficient interaction between the microwaves and optical waves. The center strip line, whose characteristic impedance is Zrn, is driven by a transmission line with an impedance 20 and is terminated in a matched load Ro (= 20). In order to attain wide-band modulation, impedance matching is required between the transmission line and the strip line.
The 2, value of the CPW electrode was calculated by quasistatic analysis using the finite-difference method [30] under the assumption that the RF modulation wave is TEM mode. Because the channel-waveguide width is 5 pm, we adopted 7 pm as the strip width W . In this case, the 2, value matches the Z, value (=50 0) when the electrode gap D is close to 7.5 pm.
The MS electrodes, on the other hand, consist of a wide strip line and a ground electrode running parallel to the strip line on the another surface, as shown in Fig. 5(c) . As described next, this electrode is suitable for obtaining more efficient interaction between the microwaves and optical waves than the CPW electrode. The characteristic impedance of the MS electrode was also calculated by quasistatic analysis. In the MS-modulator the thickness of the polymer cladding layer, whose dielectric constant E is 3 4 , was designed to be about 10 pm, and we chose 20 pm as the strip line width. In this case, impedance matching is obtained when the thickness of the strip line is close to 10 pm.
C. Estimation of Modulator Pe$ormance
Of particular importance in characterizing the performance of an EO modulator is the bandwidth and the voltage required to produce a n-phase change. In our modulators, the optic axis of the uniaxial polymer film (core layer) is the z-axis of the film, and the propagation direction of the input laser beam is parallel to the z-axis of the core layer. The RF modulation field is applied along the z-axis with the center strip or the strip line electrode. The input TM-laser light is polarized at 0 ' to the z-axis of the core layer.
In an RF modulation field E , the effective refractive index NTM of the TM-mode wave changes on passing through the waveguide. The TM-mode optical field Eo is given by
where wo is the optical frequency and c is the velocity of light in free space. Ef, ( 9 , z ) is the depth field distribution of the lowest TM mode. The applied RF modulation field is given by
where w, is the modulation frequency, Nm the effective refractive index, E, the field amplitude, and A(y, z ) the field distribution of the RF wave. In (5), the attenuation of the center strip or the strip line electrode is assumed to be zero.
An optical disturbance of the TM mode initiated by the input RF wave travels to a position z by time t. The index change ANT, at time t is given by
where T~~ is the Pockels coefficient at the core layer in the waveguide. The overlap integral rTM, which accounts for the incomplete overlap of the optical and RF-wave fields, is given by where F(y, z ) is a step function representing the 7-33 distribution in the waveguide. That is, the 7-s3 (y, 2 ) value as a function of points y and z is expressed using the function F(y, z ) as follows:
(8) 
&(U,)
where
The 3-dB bandwidth A f 3 d~ of the modulator occurs when the sinc function (= sinUTM/UTM) is equal to 1/&, which corresponds to UTM = 1.4. Therefore, the A f 3 d~ value is given by Af3dB = ~.~C / T L I N T M -"1. Step functions F ( y , z ) for (a) RE-fabricated, (b) photobleached, Equation (1 1) shows that the device bandwidth is limited by the transit time difference between the RF-modulation and light waves. For the CPW-modulator, we can estimate the product A f 3 d~ . L z 20 GHz. cm using N, = 2.24, and NTM = 1.55. On the other hand, the large A f3dB . L value of 191 GHz. cm is obtained for the MS-modulator using N , = 1.62 and NTM = 1.55. These A f s d~ .L values are much larger than those of the LN modulators (2-9 GHz. cm) [31] - [34] . Obviously, the low dielectric constant (3-4) of the polymer materials results in a smaller transit time difference between the RF and optical waves, and leads to an improvement in the A f 3 d~ . L value compared with current LN modulators.
The efficiency of electrooptical light modulation is defined in terms of a half-wave voltage (VT). The Vn value is
the voltage required to switch from full transmission to full extinction of the input light, and corresponds to a change in phase retardation A 4 of T radian. When we assume UTM 0 in (9) (i.e., when we estimate the VT value at a very low frequency), the relationship between V n and the Pockels In order to estimate the overlap integral rTM, we have to know both the RF-field distribution A(y, 2 ) and the opticalfield distribution E;, (y, 2 ) of the lowest TM mode, in addition to the F ( y , 2 ) distribution shown in Fig. 6 . The A(y, 2 ) value at each point in the waveguide was determined by numerically solving the two-dimensional Laplace equation using the finitedifference method [30] , and the E;, (y, 2 ) value was calculated with the appropriate scalar finite element method (FEM) [35] . Fig. 7(a) shows typical constant potential contours for CPWmodulators while (b) shows MS-modulators. In this figure, the width of the central strip and the electrode gap of the CPWmodulator were assumed to be 7 pm and 8 pm, respectively. On the other hand, in the MS-modulator the electrode gap was set at 10 pm, and the width and the thickness of the strip line were assumed to be 20 pm and 10 pm, respectively. The thickness of the polymer cladding layer was set at 10 pm for both modulators. As shown in Fig. 7 , the electric field of the CPW-modulator is not as concentrated in the center of the polymer layer as that of the MS-modulator. On the other hand, in the MS-modulator the electric field is homogeneously concentrated in the polymer layer. As a result, the electric field can be expected to be higher at any point in the core region of the MS-modulator than in that of the CPW-modulator. Using (7), the r T M values were estimated for both the CPW-and the MS-modulators. Both modulators were assumed to have a 10-pm-thick polymer cladding layer with a 2 pm x 4 pm core ridge. The refractive-index difference (An) distributions between the core and cladding layers are shown in Fig. 8 for both the RIE-fabricated and the photobleached waveguides. In this figure, Ani, and An, are the An values parallel and perpendicular to the horizontal axis, respectively. Fig. 9(a) shows optical power contours for RIE-fabricated, while (b) shows photobleached waveguides. Because of the large A n l value, the photobleached waveguide concentrates optical power in its core region more efficiently than the RIEfabricated one. 
D. Electrooptic Modulation of Polymer Intensity Modulators
The two types of modulator designed above (see Fig. 5 ) were fabricated. To fabricate the CPW-modulators, 3-pm-thick CPW electrodes with a width of 7 pm, an 8 pm gap, and a length L of 15 mm were photolithographically defined and formed by gold plating on an approximately 2-pm thick Si02 layer on Si substrates. Under-cladding and core layers 4 pm and 2 pm thick, respectively, were spin coated on the CPW electrodes. RIE masks of the channel waveguide patterns were formed by conventional photolithography, and then 0 2 RIE was carried ob: until the cladding layer surface was exposed. Subsequently the masks were removed. The 2pm x 4 pm core ridge was then covered with a spin-coated 4-pm-thick over-cladding layer. As described above, 3RDCVXY and UV cured epoxy resin were used for the core and the cladding polymers, respectively. The refractive index of the UV cured resin was set at 1.5323 at 1.3 pm. The 3RDCVXY core layer was poled through the cladding at 30 MV/m at 140 "C. The completed CPW-modulators were mounted with SMA connectors, as shown in Fig. 5(a) . The SMA connector was installed directly over the end of each center strip electrode by pressure contact. Bonding pads were used to maintain a tight connection between the package wall and the ground electrode. The MS-modulators were fabricated by a similar process. First, the 2-pm-thick ground electrodes were photolithographically defined and formed by gold plating on a Si02 layer about 2-pm-thick on Si substrates. A 4-pm-thick under-cladding layer and a 2-pm-thick core ridge were formed on the ground electrodes by conventional photolithography and 0 2 R E . The 2 pm x 4 pm core ridge was then covered with a spin-coated 4-pm-thick over-cladding layer. In addition to the channel waveguides fabricated by the RIE process, waveguides were also fabricated using the photobleaching method for comparison. In this case, after the 4-pm-thick under-cladding and 2-pm-thick core layers had been spincoated, the waveguides were photobleached using 435 nm light from an ultra-highpressure Hg lamp of an IC mask aligner, and the waveguide layer was then covered with a 4-pm-thick over-cladding layer. In the photobleached waveguide, the refractive index of each cladding layer is shown in Fig. 8(b) . A 10-pm-thick strip line was formed on the over-cladding layer by gold plating. The 3RDCVXY core layer was poled through the cladding at 140 "C using the strip-line and ground electrodes. The finished MS-modulators were mounted with SMA connectors.
The EO modulation of the CPW-and the MS-modulator was tested at 10 kHz, using a 1.32 pm light from a laserdiode-pumped Nd:YAG laser (AMOCO 1320-75P). The experimental setup is shown in Fig. 11 . The input light from the polarization-maintaining optical fiber was end-fire coupled into the modulator, and the light intensity of the output light was detected by an InGaAs avalanche photodiode (Ante1 ARX-DA) through the butt-jointed single-mode fiber. Fig. 12 shows the measured half-wave voltage of the RIE fabricated CPW-modulator. A 10 kHz 140 V sawtooth wave was applied to the central strip electrode under one arm of the Mach-Zehnder interferometer, and the intensity response was observed on a processing oscilloscope. The off level of the input laser light is also shown in Fig. 12 . The voltage necessary to turn the modulator from fully on to fully off was Fig. 12 . Intensity modulation response of the RE-fabricated CPWmodulator at 1.32 pm. The upper curve is the modulated optical signal, the middle line is the laser-off level, and the bottom curve is the applied sawtooth wave at 10 kHz (140 V peak-to-peak). measured and found to be V n = 91 V, giving 7-33 = 7.7 pmN using r T M = 0.27. As shown in Fig. 12 , the contrast ratio between the on-state and the off-state is about 25, giving an extinction ratio of 14 dB. In these measurements, however, the mode-field diameter of the input and output optical fiber was about 9 pm, which is much larger than the 2 pm by 4 pm output of the EO polymer waveguide. Therefore, the insertion loss of the modulator was over 10 dB. The insertion loss must be reduced to a few dB in order to utilize this device in practice. Fig. 13 shows the measured half-wave voltage of the RIEfabricated MS-modulator. The 3RDCVXY core layer of the modulator was poled through the cladding at 60 V/pm at 140 "C. A 10 kHz 28 V sawtooth wave was applied to the central strip electrode under one arm of the interferometer, and the intensity response was observed on a processing oscilloscope. The off level of the input laser light is also shown Fig. 13 . Intensity modulation response of the ME-fabricated MS-modulator at 1.32 pm. The upper curve is the modulated optical signal, the middle line is the laser-off level, and the bottom curve is the applied sawtooth wave at 10 kHz (28 V peak-to-peak).
in this figure. The voltage necessary to turn the modulator from fully on to fully off was measured to be VT = 16 V, giving an 7-33 = 20.3 pmN using I'TM = 0.73. As shown in Fig. 13 , the contrast ratio between the on-state and the off-state was about 10, giving an extinction ratio of 10 dB. The insertion loss of the modulator was also over 10 dB.
The measured 7-33 values of the MS-modulators fabricated by the RIE and photobleaching methods are plotted in Fig. 14 as a function of the poling electric field Ep. When compared with the same E p value, the 7-33 values of both the RIEfabricated and the photobleached waveguides are the same. It is noteworthy that the half-wave voltage of an RIE-fabricated modulator is always larger than that of a photobleached one, if compared at the same E p value, because of the difference between the I'TM values of these modulators (see Fig. 10 ). For example, the same EO performance (V, = 16 V) as shown in Fig. 13 was obtained in the photobleached modulator when the core polymer was poled at a smaller Ep value (50 MV/m) than the RIE-fabricated modulator (60 MV/m).
As shown in Fig. 14 
E. Frequency-Response of Polymer Modulator
We measured the optical response of the RIE-fabricated MSmodulator at high frequency. The strip-line electrode of the MS-modulator was driven from 100 kHz to 1 GHz with an HP8647A synthesized signal generator in combination with an HP8447E power amplifier, which gave a driving microwave power of 125 mW. The output was detected with an Ante1 model AM-DA InGaAs avalanche photodiode with a builtin preamplifier having a response from dc to 2 GHz. Its magnitude at the modulating frequency was then measured with an Advantest R3265 spectrum analyzer with an HP8447F preamplifier. The measured frequency response is shown in Fig. 15 . The response is flat over the measured range. Furthermore, the performance of the MS-modulator operated at 100 MHz was monitored over 1000 hrs at 60 f 0.01 O C .
The temperature of the MS-modulator was precisely controlled by using a Peltier device, on which the modulator was directly mounted, and a Kette model KLT-2s temperature controller. The result is shown in Fig. 16 . No decay in EO ability or optical quality was observed over this period.
Iv. DISCUSSION AND CONCLUSION
In this paper, we described CPW-and MS-electrode design and the fabrication of traveling-wave Mach-zehnder-channelwaveguide modulators using diazo-dye-substituted poled polymer (3RDCVXY). The electrooptic (EO) modulation of 1.32 pm laser light was measured in the polymer modulators. In our experiments, two types of channel waveguide were Response of RIE-fabricated MS-modulator continuously operated fabricated by photobleaching or 0 2 reactive-ion etching (RIE).
In the photobleached waveguides the optical-power occupation (82%) of the core region is larger than that (73%) of the RIEfabricated ones. Furthermore, in the photobleached waveguides both the core and its right-and left-hand side cladding layers exhibited nonzero 7-33 values. On the other hand, in the RE-fabricated waveguides only the core ridges showed 7-33 values. As a result, the overlap between the optical and RF-wave fields is slightly (less than 10%) improved only in the photobleached waveguides. Therefore, the photobleached waveguides are expected to be more suitable for obtaining low half-wave voltage VT. In practice, the photobleached waveguides exhibited smaller VT values than those of the RIE-fabricated ones. Contrary to this, in the RIE-fabricated waveguides, some amount of the electric field overlapped with the guided optical field in the cladding layers does not contribute to the phase retardation due to the EO effect. Taking these tendencies into account, we proposed "effective" overlap integrals r T M between the optical and electric fields, by which we considered the optical-power occupation of the core region and the difference between the EO-active region distributions of the RIE-fabricated and photobleached waveguides. By using the proposed integrals, it was found that the RE-fabricated and the photobleached modulators both exhibited the same 733 values under the same poling condition. The maximum ~3 3 value (26 pmN) of the poled 3RDCVXY was obtained with the RIE-fabricated MS-modulator. The RIE technique is effective for controlling the in-plane as well as the vertical distance between two or more waveguides with a high degree of accuracy. This technique has already been applied to a vertical optical coupler [22] and to "serially grafted" connection between EO/passive polymer waveguides [36] , and will be used to form switch array configurations for future optoelectronics applications.
